The primary objective was to determine the efficacy of a newly designed preoperative chemotherapy regimen in an attempt to improve the cure rate of children with high-risk hepatoblastoma.
INTRODUCTION
The first International Childhood Liver Tumours Strategy Group (SIOPEL) study, applying preoperative chemotherapy (PLADO; cisplatin plus doxorubicin) and delayed surgery to all patients, resulted in a 5-year overall survival (OS) of 75% and event-free survival (EFS) of 66%. 1 However, similarly to other studies, [2] [3] [4] [5] [6] [7] [8] [9] the prognosis of patients with tumor involving all four liver sections or metastasis remained unsatisfactory (5-year EFS, 46% and 28%, respectively 1 ). To improve the survival of patients with bad prognosis, the SIOPEL group decided to intensify chemotherapy in the subsequent studies. Carboplatin, a platinum derivative with different activity and toxicity profile than cisplatin, had previously shown significant clinical activity in patients with advanced and relapsed hepatoblastoma and, therefore, was chosen to add to the PLADO backbone. 10, 11 In the new scheme, alternating cycles of cisplatin and carboplatin plus doxorubicin were given every 14 days, in contrast to the PLADO regimen, which was given every 21 days. In addition, total hepatectomy with orthotopic liver transplantation (OLT) was recommended for patients whose primary tumors remained unresectable after chemotherapy. [12] [13] [14] [15] The feasibility of the new approach was tested in a pilot study (SIOPEL-2HR). 16 The SIOPEL-3HR trial was then launched to study the efficacy
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of this treatment strategy in an international, multicenter, prospective, clinical trial.
PATIENTS AND METHODS

Patients
Children younger than 16 years with untreated high-risk hepatoblastoma were eligible. High risk was defined as follows: tumor involving all four hepatic sections (Pretreatment Extension [PRETEXT] -IV), or presence of distant metastases (Mϩ), or tumor extension into the vena cava or all three hepatic veins (Vϩ), or tumor extension into the main and/or both branches of the portal vein (Pϩ), or biopsy-proven extrahepatic intra-abdominal disease (Eϩ). During the study, clinical data became available that strongly suggested a poor prognosis for patients with initial low serum ␣-fetoprotein (AFP; Ͻ 100 ng/mL) or with tumor rupture at presentation. 17 For this reason, both criteria were added to the initial eligibility criteria (from February 2000 and October 2004, respectively).
Biopsy of the primary tumor was mandatory in children younger than 6 months, older than 3 years, or with normal serum AFP. Tumor extension was assessed by computed tomography (CT) or magnetic resonance imaging (MRI) for the abdomen and by x-ray and CT for the intrathoracic lesions.
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Tumor stage was established with the PRETEXT system, which is based on findings at diagnostic imaging. 1, 19 All pulmonary lesions documented on the chest x-ray or CT scan that-regarding size, localization, and aspect-could not be easily interpreted by the radiologist as a nonmalignant lesion were considered metastatic. Central radiologic review was not performed routinely, but a rapid review (RRR) at diagnosis was available and was recommended in difficult cases (Data Supplement, online only). Central review of the histopathology slides derived from tumor biopsy and resection material was required.
The study was approved by the institutional review boards. Informed consent was obtained from patients and/or parents.
Treatment
Patients were initially treated with alternating cycles of cisplatin and the combination of carboplatin plus doxorubicin according to Figure 1 . For chemotherapy details and modification guidelines, see Data Supplement (online only). After seven cycles, tumor resectability was assessed; if deemed feasible, complete resection was performed, followed by the remaining three cycles. If the tumor was deemed unresectable, patients were treated with another three cycles followed by, if was feasible, complete tumor resection. For patients whose primary tumors remained unresectable, total hepatectomy with liver transplantation had to be considered at this point. Regardless of the time point of surgery, a maximum of 10 cycles were given. No additional therapy was recommended for microscopic residual disease after liver surgery. In patients who had metastatic disease, residual lesions after preoperative chemotherapy were removed surgically, when feasible. The use of granulocyte colonystimulating factor (G-CSF) and dexrazoxane was allowed.
Evaluation of Response
Response was evaluated by AFP (weekly) and imaging (after cycles 2, 4, and 7; Data Supplement, online only). Formal assessment of response to chemotherapy was performed with AFP and adequate imaging (CT or MRI) after seven cycles. The following definitions were used: complete response (CR) was no evidence of disease and normal AFP; partial response (PR) was any tumor volume shrinkage associated with a decreasing AFP (Ͼ 1 log less than the original value); stable disease (SD) was no tumor volume change and no change or less than 1 log decrease of AFP; and progressive disease (PD) was unequivocal increase in one or more dimensions of the tumor and/or any unequivocal increase of the AFP concentration (three successive weekly determinations). The patient's overall response status was given by the worst response for primary tumor and metastases. Tumor resectability was evaluated after seven (in case of unresectability, also after 10) cycles on the basis of appropriate imaging results.
Toxicity of Treatment
Laboratory studies were repeated before each cycle. Glomerular filtration rate, audiogram, and echocardiogram were performed before starting treatment, before surgery, and at the end of therapy (Data Supplement, online only). Toxicity was graded according to National Cancer Institute Common Toxicity Criteria version 2.0. Ototoxicity was graded according to the Brock criteria.
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Statistical Methods
SIOPEL-3HR was a prospective, single-arm study to investigate the efficacy of the applied treatment strategy. The study was designed to enroll at least 90 patients over 5 years, with the final patient observed for at least 3 years. Primary outcomes were overall response rate (RR) to chemotherapy and complete surgical resection rate. Secondary outcomes were overall survival (OS) and event-free survival (EFS).
The Kaplan-Meier method was used to derive the survival curves. The 95% CIs were calculated by using the Greenwood formula for survival estimates and by using the exact binomial distribution for rates. All statistical evaluations were done with SAS version 9.1 (SAS Institute, Cary, NC).
Outcome Definitions
In the response analysis, only patients who received preoperative chemotherapy were included. Overall complete surgical resection was defined as resection of all tumor sites on the basis of surgical findings. In the analysis of resection rate, all patients were included irrespective of whether they received chemotherapy or not and whether surgery was attempted or not. Complete remission was defined as no evidence of disease on imaging and normal AFP. OS was defined as the time interval between the date of diagnosis and the date of death (as a result of any cause) or the date of the last follow-up. EFS was defined as the time interval from the date of diagnosis to the date of progression, the date of relapse, the date of death, or the date of the last follow-up, whichever occurred first.
RESULTS
Patients
Between June 1998 and December 2004,164 patients were enrolled from 22 countries. Three patients were ineligible because of wrong risk allocation (n ϭ 2) or lack of informed consent (n ϭ 1). Ten patients were excluded from the analysis because of complete lack of documentation (n ϭ 2), primary surgery (n ϭ 2), or major protocol (ie, chemotherapy) violation (n ϭ 6). The clinical characteristics of the remaining 151 patients are listed in Table 1 . RRR was done in 12 patients. Tumor biopsy was undertaken in 113 patients. Central pathology review was performed in 79 patients, and it confirmed the initial diagnosis in 78. In one patient, malignant rhabdoid tumor was revealed (and was included in the analysis). One child died as a result of biopsy complications without treatment. In 46.6% of the patients with pulmonary metastasis, the lesion was only visible on CT.
One hundred fifty patients were treated with preoperative chemotherapy. Dose reduction was performed in 18.7% of the patients and in 5.0% of the cycles, mainly because of hematologic toxicity (Data Supplement, online only). One hundred three patients received postoperative chemotherapy (median, three cycles). Twenty-three patients who underwent OLT received post-transplantation cycles (range, 1 to 4 cycles; median, 2 cycles).
Response to Chemotherapy
One hundred eighteen patients (78.7%) had an overall partial response (95% CI, 71.2% to 84.9%). Ten children had stable disease, one could not be properly assessed because of emergency surgery, and 13 experienced progression; in eight patients, response could not be assessed because of early death (n ϭ 6) or insufficient data (n ϭ 2). Of the 69 patients with initial lung metastases who were treated with preoperative chemotherapy, 36 (52.2%) achieved CR, 13 achieved PR, and two achieved SD of the lung lesions with chemotherapy alone.
Seven patients experienced progression of the metastases during preoperative chemotherapy. In 11 patients, response was not evaluable.
Surgical Results
One hundred fifteen patients had a complete resection of the liver tumor either by partial hepatectomy (n ϭ 84) or by primary OLT (n ϭ 31), resulting in a complete liver resection rate of 76.2% (95% CI, 68.6% to 82.7%). This included 11 patients with microscopic residual in the liver. In six patients, resection was macroscopically incomplete; disease in two patients remained unresectable; and 20 patients had no surgery because of progression or death during preoperative chemotherapy. Four children died as a result of surgical complications (one after OLT). In four patients, resection was inadequately documented. Complete resection of all tumor lesions (including metastases) was achieved in 106 patients (70.2%; 95% CI, 62.2% to 77.4%). Liver surgery was performed after four to 10 (for OLT, five to 10) cycles (median, 7 cycles).
Of the 15 patients with incomplete response of the lung metastasis, the liver tumor was completely excised in 12 patients. In three patients, the lung lesions were also completely resected.
Of the 74 patients with initial PRETEXT-IV tumor, the tumor could be resected with partial hepatectomy in 31 patients. Twenty-six patients underwent OLT, which resulted in a complete liver tumor resection rate of 77.0% for this group.
In the 11 patients with microscopic residual disease, surgery was done after four to 10 cycles (median, seven cycles). In 10 patients, this was followed by two to four postoperative cycles (median, three cycles).
Survival
The median follow-up for surviving patients was 54 months. At the last follow-up, 53 patients had an event: disease progression during (n ϭ 13) or after (n ϭ 17) preoperative chemotherapy, relapse (n ϭ 15), or death as a result of other reasons (n ϭ 8). Forty-seven patients died: 26 as a result of tumor progression, 13 as a result of relapse, eight as a result of other reasons (surgical complications, n ϭ 4; tumor rupture, n ϭ 2; treatment toxicity and biopsy complications, n ϭ 1 each). Six patients with events (progression and relapse, n ϭ 3 each) were alive at last follow-up; five patients had no evidence of disease, and one had progressive disease.
The Kaplan-Meier estimates of 3-year EFS and OS for the whole group were 65% (95% CI, 57% to 73%) and 69% (95% CI, 62% to 77%; Fig 2) . The EFS and OS rates of patients who achieved complete resection were 83% (95% CI, 76% to 90%) and 87% (95% CI, 81% to 94%). Survival of patients with PRETEXT-IV tumor or metastasis is shown in Table 2 .
In 31 of the 36 metastatic patients who achieved CR in their lungs, the liver tumor was completely resected with either partial hepatectomy (n ϭ 26) or OLT (n ϭ 5). Two of the 26 experienced relapse in the lung but were alive. Of the five patients with OLT, four had a lung relapse and died.
Outcome of the 15 patients with incomplete response of the lung lesions is as follows: all three patients with completely resected liver tumor and metastases are alive with no evidence of disease; of the nine patients with excised liver tumor but nonresected lung residuals, four experienced a relapse (all in the lungs), and three died. All three patients without surgical resection of the primary tumor died. To better appreciate the specific impact of the different highrisk features on outcome, results were also calculated for four distinct subpopulations: patients with PRETEXT-IV tumor alone, with vascular invasion/intra-abdominal extension alone, with metastatic disease irrespective of extent of primary tumor, and with low AFP (Table 3) .
Eight of the 31 patients with OLT experienced relapse and died. The 3-year EFS and OS rates for patients who underwent transplantation were 74% and 75%, respectively. Among the 23 patients with post-transplantation chemotherapy, five experienced relapse and died. Two patients (of the 151 total patients) with microscopic residual experienced relapse and died.
Toxicity
Chemotherapy-related acute toxicity is listed in Table 4 . One patient died as a result of neutropenic infection with multiorgan failure after the fourth cycle. Long-term toxicity will be the subject of a separate analysis.
DISCUSSION
To increase the efficacy of chemotherapy in this regimen, a new drug (ie, carboplatin) was added to the previous backbone, and chemotherapy cycles were administered in a rapidly alternating sequence. In comparison with SIOPEL-1 (PLADO), this resulted in an increased dose density of the platinum derivatives (every 14 days v every 21 days), whereas the total cumulative dose (TCD) of cisplatin and doxorubicin was slightly decreased (Data Supplement, online only). The SIOPEL-2HR (pilot) study used the same cycles as SIOPEL-3HR but were administered, for practical reasons, in a different order.
As for the whole group, the response rate and the overall complete resection rate achieved in this trial consolidate the good results of the SIOPEL-2HR pilot study (RR, 78%; resection rate 67% and achieved in 58 patients). 16 The survival compares favorably to the outcome in the pilot study (3- 48% Ϯ 13%; OS, 53% Ϯ 13%). 16 On the basis of the assumption that cisplatin is the most effective drug in hepatoblastoma, the higher TCD of cisplatin used in SIOPEL-3HR (400 mg/m 2 v 320 mg/m 2 ) may partly account for the difference.
The applied treatment strategy demonstrated high efficacy in patients with metastatic disease. In half of the children, the lung lesion(s) disappeared with chemotherapy alone, and another 20% achieved partial response of the metastases. Complete resection of all tumor lesions was achieved in more than half of the patients with initial metastasis, leading to an improved (event-free) survival of this group when compared with previous SIOPEL studies 16, 21, 22 (Table 2) . With regard to SIOPEL-1, this improvement (EFS from 28% to 56%) might be related to the higher dose-intensity of the chemotherapy regimen. Although one might also speculate that the improved imaging techniques in the current study could lead to a higher proportion of children with small lung lesions, the ratio of children whose metastases were detectable only on CT (46.1%) remained similar to that in SIOPEL-1 (41.9%), making this argument unlikely.
The achievement of CR in the lungs with chemotherapy only in combination with a complete resection of the primary tumor by partial hepatectomy seems to guarantee a favorable survival (only two of these 26 children relapsed and none of them died). In contrast, patients who underwent OLT with CR in the lungs after preoperative chemotherapy had a high-risk of pulmonary relapse (four of the five patients died of lung relapse). Postoperative chemotherapy does not seem to decrease the risk of relapse in these patients (three of the four who relapsed received postoperative treatment according to protocol). This finding underlines the necessity of a careful individual decision regarding OLT in each patient with initial lung metastasis and warrants further studies to define the role of OLT in metastatic patients.
The presented data emphasize the role of surgical resection of residual lesions in the lung after preoperative chemotherapy. All three patients with complete surgical resection of both the primary tumor and the metastatic residuals are cured, whereas four of the nine patients with excised liver tumor and nonresected lung residuals experienced a lung relapse (and three died). In our data, there were no apparent differences in clinical or pathologic features between the four children who experienced relapse and those who did not, making prediction of prognosis impossible.
Patients with initial PRETEXT-IV (ie, radiologically unresectable) tumor also seem to benefit of the new treatment strategy. In half of them, the liver tumor was rendered resectable with chemotherapy, making a partial hepatectomy possible. In a significant proportion of the remaining patients, OLT proved to be a curative treatment option (3-year EFS and OS of all patients who underwent transplantation, 74% and 75%, respectively). Our data support the previous observation that microscopic residual after definitive surgery of the liver does not render a bad prognosis (3-year OS, 82%). NOTE. One patient who died as a result of biopsy complications was excluded from response rate calculation. Abbreviations: EFS, event-free survival; OS, overall survival; PH, complete resection by partial hepatectomy Ϯ resection of lung metastases; OLT, orthotopic liver transplantation Ϯ resection of lung metastases; PRETEXT, Pretreatment Extension; Vϩ, vascular invasion into three hepatic veins; Pϩ, vascular invasion into portal vein; Eϩ, intra-abdominal extrahepatic extension; AFP, ␣-fetoprotein.
‫ء‬
Patients with metastasis or AFP Ͻ 100 ng/mL were excluded. †Patients with low serum AFP were excluded. ‡Patients with PRETEXT-IV tumor or metastasis or AFP Ͻ 100 ng/mL were excluded. §All patients with AFP Ͻ 100 ng/mL regardless of tumor extension. The prognosis of patients with AFP less than 100 ng/mL remains poor. This might be partly related to undifferentiated tumor histology, as suggested earlier 17 and as demonstrated in three of 12 patients in this study. In the remaining nine patients, no distinctive clinical or pathologic features were found that could explain the bad prognosis (Data Supplement, online only).
The results in Table 3 show that the different high-risk features have different impact on treatment outcome, leading to a strongly varying prognosis among the subgroups: 3-year OS ranging from 33% for patients with low AFP to 92% for patients with vascular/intraabdominal extension only. These results reflect likely the biologic and clinical differences between the subgroups and emphasize the need of a more individualized treatment within the high-risk group.
Because of major differences between the staging systems applied by the different study groups, reliable comparison of our data with other (inter)national studies is only possible for patients with metastatic disease (ie, stage IV). Despite the different treatment approaches, the studies published so far show a poor outcome for these patients (Table 2) .
In both North American trials (ie, INT-0098 using cisplatin/ vincristine/fluorouracil or cisplatin/doxorubicin and POG-9345 utilizing carboplatin/fluorouracil/vincristine followed by high-dose cisplatin/etoposide as salvage), 5-year EFS was approximately 25%. 5, 10 In the German HB-94 study (ifosfamide/cisplatin/doxorubicin followed by carboplatin/etoposide), only three (21%) of 14 patients were alive at the time of analysis. 6 Preliminary results of the HB99 (two cycles of carboplatin/etoposide followed by high-dose chemotherapy) does not suggest an improved outcome either. 23 The Japanese study, using cisplatin/4'-o-tetrahydro-pyranyladriamycin-adriamycin (THPadriamycin) chemotherapy, reported a 3-year EFS of 38.6%.
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In the recent Intergroup study (INT-9645), the alternating administration of carboplatin and cisplatin to patients with stages III to IV hepatoblastoma resulted in an increased risk of failure compared with the standard treatment (cisplatin/fluorouracil/vincristine): 1-year EFS was 37% versus 57%. 25 It was concluded that intensified platinum therapy is an ineffective strategy for improving outcome in pediatric patients with advanced hepatoblastoma. Our results demonstrate, however, that alternating administration (every 14 days schedule) of two platinum derivatives with different toxicity profile, in combination with doxorubicin, is efficacious in the treatment of unresectable/metastatic hepatoblastoma. The major difference between the INT-9645 and SIOPEL-3HR regimens is the use of doxorubicin in the SIOPEL study, which may account for the higher efficacy.
The acute toxicity observed in this study is acceptable and is comparable with previous SIOPEL trials. A longer follow-up is required to fully appreciate the impact of chemotherapy on the quality of life of the long-term survivors. Given that the TCD of both cisplatin and doxorubicin are lower in this trial than in SIOPEL-1, it is reasonable to expect that the level of long-term cardiotoxicity and nephrotoxicity will decrease.
The results of this study represent an improvement in the cure of children with advanced/high-risk hepatoblastoma. We believe that both the use of dose-intensive chemotherapy and the recommendation of aggressive surgery (including OLT) have contributed to the better results. The SIOPEL group is currently investigating the efficacy of a regimen with high cisplatin dose-intensity in high-risk patients and the efficacy of irinotecan in patients with recurrent disease. These approaches might be part of future therapeutic strategies against advanced hepatoblastoma.
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